In this paper, we use a bivariate choropleth map to investigate the relationship between mortality from cardiovascular disease (CVD) and gross domestic product (GDP) per capita, by sex, in Japanese prefectures from 1996 to 2015. The overall results show a decline in age-standardized CVD mortality rates in all prefectures, for both men and women, and suggest that GDP per capita has varied over the period. We also observed that the relationship between CVD mortality rates and GDP per capita at the prefecture level does not have an overall pattern of the same or inverse association, but is instead a heterogeneous relationship. We argue that this study provides useful clues to policy makers for establishing effective measures for public health planning and the prevention of deaths from CVD. As demonstrated by this study, mapping of the CVD burden in Japan helps to clarify regional differences in life expectancy and health status across regions and identify prefectures where more targeted policy attention may be needed.
Introduction
Non-communicable diseases (NCDs) accounted for approximately 73% of all deaths worldwide in 2017 [1] . Among the deaths from NCDs, the leading causes are cardiovascular diseases (CVDs) [2] [3] [4] . In the last 27 years of available data, the estimated number of people who die from CVDs annually increased from approximately 12.0 million in 1990 to 17.8 million in 2017. These numbers represent around 25.6% and 31.8% of all global deaths, respectively [1] . This increase is attributable to a combination of several factors, such as demographic (e.g., driven by population growth and aging), socioeconomic (people with lower incomes have restricted access to quality health services and limited resources to prevent disease), environmental (the exposure to poor air quality-high average concentrations of PM2.5-over the course of several years), behavioral (exposure to tobacco smoking, a sedentary lifestyle and a diet rich in salt intake, sugar, and fat), and epidemiological (improvement in health conditions of the population, access to health services and in premature diagnoses, which increases life expectancy) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
According to the World Health Organization [4] and Franco et al. [17] , over three quarters of deaths from CVD take place in low-and middle-income countries, where exposure to risk factors associated with CVD mortality still persists and continues to be a primary focus of public-health endeavors. On the other hand, in high-income countries, where the decline in CVD mortality was
Materials and Methods

Data Sources
We use data on age-specific (population over 30 years and in 5-year age groups up to 95 years or more), sex-specific, and cause-specific mortality from cardiovascular disease (rheumatic heart disease, ischemic heart disease, stroke, hypertensive heart disease, non-rheumatic valvular heart disease, cardiomyopathy and myocarditis, atrial fibrillation and flutter, aortic aneurysm, peripheral artery disease, endocarditis, other cardiovascular and circulatory diseases) from the Global Burden of Disease Study 2017 [1], coordinated by the Institute for Health Metrics and Evaluation (IHME) and publicly available online (http://www.healthdata.org/).
The Global Burden of Disease study was created to provide comprehensive and comparable global health metrics. Estimates of cause-specific mortality, burden of diseases, injuries, and risk factors are reported by year , location (195 countries and territories, and at the subnational level for a subset of countries), age, and sex. GBD also supplied the population estimates used in this paper. Data sources used to produce these estimates came from 1257 census and 761 population registry location-years.
Finally, GDP data by prefecture were extracted from the Cabinet Office, Government of Japan, and are also publicly available. We used two series of annual GDP datasets (1996-2009 and 2001-2015) . Both datasets are calculated by using the 1993 System of National Accounts (SNA), which is an international standard index managed by the UN for calculation of GDP. The benchmark year is 2000 for 1996-2009 and 2005 for 2001-2015, and values are given in Yen (¥).
Level of Analysis
The units of analysis were the 47 Japanese prefectures, divided into eight regions (Hokkaido, Tohoku, Kanto, Chubu, Kinki, Chugoku, Shikoku, and Kyushu) ( Figure 1 ). and population were organized by age (in 5-year age groups up to 95 years or more) and sex. We then calculated sex-specific age-standardized death rates per 100,000 for each prefecture using the Japanese population in 2010 as the standard. 
Bivariate Maps
A univariate choropleth map uses colors that portray the spatial variation of a single attribute in the geographic region under study. Migration rate by census tract, excess risk of disease by municipality, level of education by state, and Human Development Index (HDI) by country are some examples. Bivariate choropleth maps follow the same concept, except for displaying two variables simultaneously using a single-color scheme [30] . In fact, bivariate maps go further and allow us to estimate the degree or spatial pattern of cross-correlation between variables, something, to our knowledge, not yet explored in health, epidemiological, and demographic studies. The resultant bivariate map provides useful information for public health in order to identify local areas for resource allocation decisions or health interventions. One additional advantage is that it allows one to quickly identify target areas.
We used an adapted bivariate choropleth map based on Grossenbacher and Zehr's tutorial [31] in R to evaluate the degree of relation between mortality by cardiovascular disease and GDP per capita at the prefecture level. To match the nine different colors with appropriate classes, we calculated 1/3-quantiles for both variables. Then, the prefectures were put into the appropriate class corresponding to their average CVD and GDP per capita. In addition to bivariate maps, we presented descriptive statistics for the main results over time and across regions. We also tested for the correlation of the variables across time and regions.
We complemented the bivariate choropleth maps analysis with bubble charts. They added a temporal perspective to the data, that is, they allowed us to visualize the evolution of the relationship studied over the years. The bubble charts were created in R using the plotly package and, in addition For purposes of analysis, and in order to adjust the annual fluctuations that may occur, we used four time series 1996-2000, 2001-2005, 2006-2010, and 2011-2015 . Deaths from cardiovascular disease and population were organized by age (in 5-year age groups up to 95 years or more) and sex. We then calculated sex-specific age-standardized death rates per 100,000 for each prefecture using the Japanese population in 2010 as the standard.
We complemented the bivariate choropleth maps analysis with bubble charts. They added a temporal perspective to the data, that is, they allowed us to visualize the evolution of the relationship studied over the years. The bubble charts were created in R using the plotly package and, in addition to the two variables studied, present the population of each prefecture as a third dimension. Data is publicly available, but we provide full access to all data and routines used in this paper on GitHub.
Results
From 1990 to 2015, life expectancy in Japan increased by 4.2 years. However, there was an increase in the gap between lowest and highest life expectancy across prefectures. In 1990 the difference was 2.5 and increased to 3.1 in 2015. In addition, the rates of decline in overall mortality presented greater variation across regions over time [19] . Nomura et al. [19] show that Okinawa (3.2) showed the smallest increase whereas Saga (4.8) the largest increase in life expectancy. All-cause mortality rates also declined rapidly from 1990 to 2015, approximately 29%, and large regional variations were observed during the period. The slowest decline was observed in Okinawa and the fastest decline in Shiga [19] . Their results also indicate that overall mortality levels present very weak correlation with health expenditures per capita. Table 1 presents the mean, standard deviation, t-test, p-value (ANOVA), and 95% confidence interval for CVD mortality rates and GDP per capita across regions, by sex and over the periods under analysis. The Tohoku and Kanto regions have a higher average CMRCVD than that the country (overall) for both men and women. In the case of women, there is still the Kinki region. The mean GDP per capita is higher than the country in the regions of Kanto, Chubu, and Kinki. While CVD mortality rates have declined for both men and women in all regions, the income differential has not changed much over the 20 years. In addition, in the analysis, the relationships between the last period (2011-2015) and the others were statistically significant in all situations, rejecting the null hypothesis that the means are equal. Figure 2 (males) and Figure 3 (females) show the relationship between CVD mortality rates and GDP per capita in the four time series studied by prefecture through bivariate maps. The bubble charts presented in Figure 4 (males) and Figure 5 (females) corroborate the bivariate maps and bring a third variable (population), bubble size represents population size, that is helpful in understanding this relationship over time. The colors of the bubbles define the prefectures according to the geographic region in which they are located (Hokkaido, Tohoku, Kanto, Chubu, Kinki, Chugoku, Shikoku, and Kyushu). high quantile. Meanwhile, Osaka and Shiga are in quantiles with medium CMRCVD (in the last two time series for males, Shiga prefecture shifted from medium to low CMRCVD). The overall results show a decline in age-standardized CVD mortality rates in all prefectures over the period for both men and women. The results also suggest that GDP per capita has varied between 1996 and 2015. In general, the prefectures observed a fall in GDP per capita in the first 15 years of the period, then an increase between 2011 and 2015. Only Wakayama and Yamaguchi prefectures have experienced growth over the entire period. On the other hand, the prefectures of Chiba, Kanagawa, Ishikawa, Gifu, Shiga, Osaka, Nara, and Tottori showed a decline in GDP per capita throughout the period analyzed. In summary, the relationship between CVD mortality rates and GDP per capita at the prefecture level does not have an overall pattern of the same (high-high or low-low) or inverse association (high-low or low-high), but is instead a heterogeneous relationship. Even so, we would characterize Figures 2 and 3 as showing a shift from stronger shades (purple, brown, red, etc.) to softer shades (light gray, light blue, light red, etc.) in the northeast-southwest direction of the country (Hokkaido is a particular case). We can also point out that although the CVD mortality rates in the northeast are higher than in the southwest, there is a similar level of GDP per capita during the study period. For example, GDP per capita in Tohoku and Kyushu are similar, but Tohoku has higher CVD mortality rates than Kyushu between 1996 and 2015 (Figures 4 and 5) . More specifically, we would like to highlight certain prefectures/regions. In the Hokkaido region, a special case whose only prefecture is Hokkaido, GDP per capita in the initial three time series was in the second quantile (medium) and shifted to the first (low) between 2011 and 2015. Meanwhile, the age-standardized crude mortality rate from cardiovascular disease (CMRCVD) varied between the first (low) and second quantiles (medium) for men and remained constant (first quantile) for women. The prefectures of Tohoku (Aomori, Akita, Iwate, Miyagi, and Fukushima) and Kanto (Tochigi, Ibaraki, and Saitama) regions are those with the highest CMRCVD. Of these, Saitama still stands out for having the third lowest GDP per capita and, at the other extreme, Tochigi has the ninth highest GDP per capita among the prefectures. In short, in the Tohoku region, the relationship between CMRCVD and GDP per capita varied mostly between brown (medium GDP per capita and high CMRCVD) and dark red (low GDP per capita and high CMRCVD), while in the Kanto region this relationship is heterogeneous. Tokyo, for example, is an outlier within the region, as it is the prefecture with the highest GDP per capita in the country, while its CMRCVD remained in the second quantile (medium) throughout the period.
At the other extreme, the prefectures of Kyushu region (Okinawa, Kumamoto, Nagasaki, Fukuoka, and Saga), as well as Shimane (Chugoku region) and Nara (Kinki region) prefectures, are those with the lowest CMRCVD. Okinawa, Kumamoto, Nagasaki, and Nara also stand out for having some of the lowest GDPs per capita among Japan's prefectures. Cockerham et al. [32] , when examining the social gradient theory of health and life expectancy in Okinawa, a prefecture and a southern peripheral island of Japan, found that Okinawans traditionally rank at the top in health and life expectancy (also driven by low CVD mortality rates) and at the bottom in socioeconomic indicators, like GDP. It has been persistently proven that GDP per capita is a powerful predictor of life expectancy at birth [33, 34] , which makes these four prefectures, in particular, anomalies that should be analyzed in future studies.
Finally, we would like to highlight, besides Tokyo, the other prefectures with the highest GDP per capita in the country. In general, these prefectures are concentrated in the Chubu region (Aichi, Shizuoka, Toyama, Fukui, and Ishikawa) and, to a lesser extent, in the Kinki region (Osaka and Shiga), both in the central portion of the country. With regard to CMRCVD, the prefectures of the Chubu region are mostly concentrated in the low/medium quantiles, except for Aichi, which is in the high quantile. Meanwhile, Osaka and Shiga are in quantiles with medium CMRCVD (in the last two time series for males, Shiga prefecture shifted from medium to low CMRCVD).
Discussion
The high proportion of elderly people, the decline of non-communicable diseases, lifestyle modification, universal health insurance coverage, medical advancement, and high-income are characteristics of a Japan that is in an advanced stage of epidemiological transition and is a model for several other countries [18, 35, 36] . At the same time, the aging of the Japanese population has a substantial effect on disease structure, as the elderly require long-term care and exert pressure on health-care expenditure and use of resources due to multimorbidity [19] .
Although Japan has many of the best health indicators in the world, the pace of epidemiological transitions varies substantially by region, which raises concerns about increasing health variations in the country and its prefectures [19] . Minagawa and Saito [37] study disability-free life expectancy (DFLE-65) above age 65 for regions in Japan and show that it is very closely related to socioeconomic conditions. They find that higher income per capita and wealth conditions are related to higher DFLE-65. They argue that that improvements in health conditions could be reduced by improving income levels and labor market conditions for the elderly across regions.
In this paper, our goal was to investigate the relationship between CVD mortality and economic development, measured by gross domestic product (GDP) per capita, in Japanese prefectures over a 20-year period (1996 to 2015), without pretending, however, to establish a causal relationship between them.
Gu et al. [38] , studying Eastern and Southeastern Asia, show that higher GDP per capita is associated with lower mortality rates. In addition, they found that a higher level of GDP per capita is consistently associated with a lower CVD mortality rate and, after a certain level of GDP, this relation tends to become less pronounced. Japan has undergone many changes in recent decades, such as economic stagnation and a gradual increase in income inequality [18, 19, 39] . Therefore, despite the convergence that led to reduced mortality and disability from most major diseases, variation between prefectures is growing. We argue that investigating the association between GDP per capita and CVD mortality contributes to understanding the mortality dynamic in the country, following the discussion by [37] for DFLE-65.
There is also an important question of reverse causality. Suhrcke and Urban [40] show that increasing CVD morbidity might affect economic growth because it limits productivity and labor force participation. We do not have, in this paper, evidence to suggest the direction of causality. Our results indicate a decline in age-standardized CVD mortality rates in all prefectures over the period for both men and women. However, the reduction was not uniform across prefectures, which may suggest that there was an uneven health transition in Japan during this period [19] . The results also suggest that GDP per capita has varied between 1996 and 2015. In general, the prefectures had a fall in GDP per capita in the first 15 years of the period, then an increase between 2011 and 2015. Japan has had an economic recession in recent decades, which has increased income inequality and brought about greater health disparities [18, 41] . In summary, the relationship between CVD mortality rates and GDP per capita at the prefecture level does not have an overall pattern of the same (high-high or low-low) or inverse association (high-low or low-high), but is instead a heterogeneous relationship. Even so, we would characterize Figures 2 and 3 as showing a shift from stronger shades (purple, brown, red, etc.) to softer shades (light gray, light blue, light red, etc.) in the northeast-southwest direction of the country. This pattern is consistent with other studies that point out that there is a tendency of higher mortality (e.g., cardiovascular disease) in the northeast part of the country [18, 42] . According to Ikeda et al. [18] , "this geographical gradient might be attributable to differences in risk profiles such as a higher prevalence of hypertension and diabetes in the northeastern prefectures that are related to lifestyles, health-care resources, and socioeconomic status."
Tomoike et al. [43] investigate the regional distribution of cardiovascular health service in Japan. They find a reasonable distribution of health care for CVD across prefectures that, in turn, show strong relations to population size and GDP. This result suggests that provision of health care is uniformly distributed in the country and this would have a positive impact on reducing mortality across regions. Nakaya and Dorling [44] show that income is closely related to mortality variations in Japan, but with a negative relationship for the elderly. They claim that higher income related to higher mortality might be reflecting the past health status of the elderly population and it is not capturing positive income effect. They also argue that there are important cultural differences across regions in Japan that might explain different levels of mortality. For instance, it is suggested that western prefectures give better status for women and this could reflect in better health outcomes independent from income level.
Our results indicate that CVD mortality decline in all prefectures of Japan from 1996-2000 to 2011-2015 and the same time trend is observed for males and females. CVD standardized mortality rates for females are higher than for males in several prefectures both in the earlier and later periods of analysis. Nakaya and Dorling [44] suggested that this might be related to the socioeconomic status of women in different areas of Japan. Despite the decline in mortality rates, there is also strong regional variations across regions. Regional disparities for CVD mortality are in line with what is observed in other studies. Suzuki et al. [45] find that social and regional inequality in premature adult mortality has increased in Japan from 1970 to 2005. The authors suggested that this increase is related to worse economic conditions both at the individual and regional level. Tanaka et al. [46] find, using microdata, that rising numbers of suicides are closely related to widening of mortality differentials across occupations.
Our results are also in line with other studies. Anand et al. [47] , in establishing the relative prevalence of risk factors, atherosclerosis, and CVD among people of Aboriginal and European ancestry in Canada, found that Aboriginal people had a higher prevalence of CVD, atherosclerosis, obesity, and poverty compared with European Canadians. They state that there is a clear inverse relationship between higher incomes and lower rates of risk factors and CVD. This relationship we observe, for example, in Toyama, Ishikawa, and Hiroshima prefectures. On the other hand, Roth et al. [13] , studying demographic and epidemiological drivers of global CVD, investigate the relationship between changes in CVD due to age-specific death rates and changes in GDP per capita in several countries. They point out that despite the increase in GDP per capita and a decline in the number of CVD deaths in many countries, the two variables had a significant correlation only within the category of upper-middle income countries. If we bring this categorization to the prefecture level, do we find the same correlation? This is a question that should be on the agenda. In another study, Roth et al. [2] analyzed global, regional, and national burdens of CVD between 1990 and 2015. The study showed that significant declines in CVD mortality rates occurred in all high-income regions, but has plateaued in recent years. An alarming finding in this study, however, is that trends in CVD mortality have plateaued and are no longer declining for high-income regions. In the same direction, Lopez and Adair [16] , when assessing recent CVD mortality trends in high-income populations, state that there is recent evidence to suggest a slowdown in the pace of reduction of CVD mortality. Baptista and Queiroz [14] investigate the spatial pattern of deaths from CVD in Brazil and identify regions with high levels of mortality and how they have changed over the recent periods of time. They show temporal clockwise change in the concentration of regions with high levels of CVD mortality surrounded by high level mortality areas moving from the South to the Northeast. In Japan, Nomura et al. [19] analyze regional variations of disease burden in the 47 Japanese prefectures from 1990 to 2015. They state that some causes of death have patterns largely determined by geography (higher rates in the northeast, and lower in the central and southwest), such as CVD mortality. Additionally, they point out that while cerebrovascular and ischemic heart diseases remain the leading causes of death in the period, they showed substantial declines in age-standardized rates. In addition, the speed of mortality decline from these causes, and many others, has stabilized since 2005 for both men and women. They also find a very weak correlation between all-cause mortality level and per capita health expenditures indicating that other factors play an important role on the observed variation in mortality.
Our analyses are also subject to limitations. The main one is that this study does not incorporate other major risk factors associated with CVD mortality, such as education, diet, blood pressure, tobacco smoking, and others, although we argue that a good understanding of GDP per capita is fundamental as it is one of the most widely used socioeconomic predictors of mortality and health [24] [25] [26] [27] [28] [29] . Examining studies with these biases, we also found that they support and corroborate the geographical variation presented in this paper. For example, some prefectures in the northeast have very high smoking rates, especially in Hokkaido, Aomori, Iwate, Fukushima, and Gunma in 2016 [48] . Uechi et al. [49] analyzed the variation of salt intake in the 47 prefectures of the country via urinary excretion. They found that sodium excretion was high in the northeast region. In the same direction, Tomonari et al. [50] evaluated the relationship between dietary salt intake, blood pressure, and stroke mortality in 12 regions of Japan. They show that the amount of salt intake was a significant factor in determining the regional distributions of both blood pressure and stroke mortality; higher values of all three were found in the northeast of the country. Fukuda et al. [51] argued that health care provision in Japan ranks among the best in the world. However, there was a recent rise in inequality in the access to health care provision across regions of Japan mostly explained by the geographic distribution of services. Their results suggest that most of differences in health status and mortality are linked to socioeconomic inequality across regions that increased after economic shocks in the 1990s and economic policies implemented after that [51] . Suzuki et al. [41] observed that compositional effects (age, sex, and occupation distribution) played a small role in determining mortality differentials across regions. They argue that economic, social, and cultural context might be more important in explaining observed differences. Kondo et al. [52] investigated the relation of economic recession and self-rated health status across socioeconomic groups and show that although poor health status has declined across all groups during the 1990s, there was an increase in the gap between lowest and highest groups.
Although our results indicate that the magnitude of a relative variation in GDP per capita in the prefectures over the period was not as significant, there is evidence of an increase in income inequality that has led to greater health disparities [18] . The results from previous research are in line with our results and indicate the importance of further studies on health inequalities across regions of Japan to better understand the roles of socioeconomic and cultural aspects to determine health and mortality variation. One must take into account that it is a relative variation in a high-income country, which may lead to mistaken conclusions about the greater or lesser importance of this variable in explaining changes and disparities in population health. Even so, this study, to our knowledge, is the first to provide a comprehensive vision of the relationship between CVD mortality and GDP per capita in Japanese prefectures. We argue that this study provides useful clues to policy makers for establishing effective measures for public health planning and the prevention of deaths from CVD. As demonstrated by this study, mapping of the CVD burden in Japan helps to clarify regional differences in life expectancy and health status across regions and identify prefectures where more targeted policy attention may be needed.
Conclusions
We used a bivariate choropleth map that is new to health studies to investigate the relationship between mortality from cardiovascular disease (CVD) and GDP per capita, by sex, in Japanese prefectures from 1996 to 2015. The overall results show a decline in age-standardized CVD mortality rates in all prefectures, for both men and women, and suggest that GDP per capita has varied over the period. We also observed that the relationship between CVD mortality rates and GDP per capita at the prefecture level does not have an overall pattern of the same or inverse association, but is instead a heterogeneous relationship.
Our results and analysis answer a series of important research questions. We believe that incorporate other major risk factors associated with CVD mortality, such as education, healthcare access, lifestyle, environment, and others, is important in order to identify the contribution of each one of them to the mortality recorded in the prefectures. In this sense, spatial regression models can be used to examine the spatiotemporal relationships between these variables.
